ABSTRACT Magnetic nanoparticles-aided microwave imaging is an emerging modality for the diagnosis of early stage tumors. It exploits the possibility of modulating the response at microwaves of magnetic nanoparticles, employed as contrast agent selectively accumulated into the tumor. In this paper, we describe the results of an experimental study aimed at establishing the actual detection limits of the approach, namely the minimum amount of magnetic nanoparticles to be delivered for a reliable imaging. The assessment is carried out on breast phantoms made of ex-vivo minced pig tissues and using commercially available magnetic nanoparticles. The results show that it is possible to detect amounts of magnetic nanoparticles between 2 and 7 mg, dispersed in a volume of about one cubic centimeter, depending on the breast type. While such quantities are already consistent with those currently reachable via active selective targeting, an in-depth analysis of the results allows to identify strategies to further lower the detection limits up to four times, by refining the measurement set-up and setting the amplitude of the polarizing magnetic field modulating the nanoparticle response to a suitable value.
I. INTRODUCTION
In the last years, the use of contrast agents in microwave imaging (MWI) of breast cancer has gained an increasing interest as a way to overcome the limitations of such diagnostic modality arising from the possibly low (and strongly patient dependent) electric contrast between cancerous and normal fibro/glandular tissues [1] - [6] , where most of malignancies arise.
Among the biocompatible and already approved contrast agents, magnetic nanoparticles (MNP) are particularly appealing, as they allow to selectively induce a magnetic contrast variation, within a composite non-magnetic medium, like the human breast. This feature, in conjunction with the possibility of their active targeting via proper functionalization, opens the way to a tumor diagnosis which is, in principle, unambiguous. As a matter of fact, if a magnetic contrast is detected, this is certainly associated with the presence of a malignancy, due to the non-magnetic nature of the surrounding tissue and the selective accumulation of MNP.
Interestingly, such a circumstance would also enable a first level diagnosis that simply consists in detecting the signal backscattered by the accumulated contrast agent.
On the other hand, because of the low targetable amount of MNP, the useful signal (i.e., the signal scattered by the malignancy) is typically much lower than the measured signal, related to the whole probed region (i.e., the breast). Therefore, the detection of the useful signal could be very difficult. Fortunately, this issue can be overcome by exploiting the possibility of modulating the MNP microwave response. In fact, the MNP-induced contrast can be varied by applying a (quasi-static) Polarizing Magnetic Field (PMF) [7] - [9] , without affecting the response of the surrounding electric scenario. Accordingly, it is possible to extract the useful signal by simply picking the modulated component of the measured signal.
To carry out the imaging task, the low targetable amount of MNP again plays a key role. As a matter of fact, the low magnitude of the induced contrast allows to tackle the problem within the Born approximation, therefore making real-time imaging possible [10] . Notably, extensive studies with numerical simulations have confirmed that the requirements in terms of signal to noise ratio (SNR) and dynamic range (DR) needed to make such an imaging are comparable to those achieved with devices currently employed for microwave medical applications [10] - [12] .
Accordingly, MNP enhanced MWI represents a very promising and innovative imaging approach for the early diagnosis of breast cancer. However, before it can undergo a full-scale clinical validation, two aspects have to be investigated in order to assess its actual potential, namely:
1) the maximum MNP amount actually deliverable into early stage tumors via active targeting; 2) the minimum amount of MNP detectable by means of available microwave components, i.e., the MNP detection limits. Of course, these two issues are related to each other, since the ultimate feasibility of the approach depends on whether the detection limits are lower than the maximum deliverable amount. As such, while this latter aspect is certainly more relevant in view of the clinical application, detection limits have to be investigated first, not only to set the ''delivery requirements'', but also to provide an immediate indication of the feasibility of the technique.
In this respect, a very promising result has been recently obtained using an ultra-wide band (UWB) radar system [13] . In such a study, a tumor mimicking target of 2 mL in volume carrying 20 mg of MNP included in an almost realistic (in size) breast phantom has been successfully imaged. Such a remarkable result is also in agreement with the results obtained in an experiment using a narrow band (actually, single frequency) system [14] . In this study, a concentration of MNP as low as 10 mg, dispersed in a 1.5 mL tumor mimicking target hosted in a quite realistic phantom, mimicking a coronal ''slice'' of an actual breast, were detected.
Starting from these results, the goal of this work is to provide a further experimental assessment of the actual MNP detection limits, to see if and to what extent they can be lowered, so enabling the imaging of early stage breast tumors. To this end, we first report the outcomes of a series of experiments using the single frequency system in [14] and three different breast phantoms, made of ex-vivo pig tissues, mixed in such a way to mimic different kinds of breast (mostly fatty and scattered breast). While still maintaining a simplified (prismatic) shape, these phantoms have realistic size and, most importantly, exhibit properties and an internal structure which better approximate the actual scenario, namely a sagittal section of the breast. These experiments allow us to show that the signal associated to 2-7 mg of MNP dispersed in a 1.5 mL volume can be reliably detected, depending on the breast type.
Then, in the view of the implementation of a full-scale imaging system, we outline some design guidelines which would allow to further lower the detection limits up to four times. In particular, the role of the ''spurious'' magnetic effects (due to the interaction between the modulating PMF and system) is discussed. As a matter of fact, if the goal is to detect very weak signals, magnetic effects that can be typically disregarded have to be considered and tamed. In addition, since the PMF intensity influences the MNP microwave response [9] , we also determine the amplitude of the PMF which minimizes the detection limits.
The paper is organized as follows. Section II presents the design, the realization and the characterization of the laboratory set up, as well as the adopted phantoms and the experimental procedure. The results assessing the detectability limits are reported and discussed in Section III, together with the discussion of the improvements that can be achieved overcoming the unwanted magnetic effects and optimizing the PMF modulation amplitude. Conclusions and future developments follow. 
II. MATERIALS AND METHODS

A. MEASUREMENT SET-UP
The system adopted in this study is shown in Fig.1 and is based on the one exploited in our previous investigations [14] . In particular, it consists of a 12×16×7 cm 3 Plexiglas box, see Fig. 2a , acting as holder for the breast phantom, covered by an aluminum sheet for shielding against the external interferences, see Fig. 2 .b. Two cavity backed antennas, whose detailed description can be found in [14] and in references therein reported (more precisely in refs 14 and 15), are positioned on the furthest faces of the box, in order to maximize their mutual distance (16 cm). We have considered only two antennas, as these are representative of a transceiver pair of the actual system and are therefore sufficient to determine the MNP detection limits for imaging purposes. On the other hand, the position of the antennas is chosen in such a way to consider the worst case in terms of separation between the antennas, hence of the level of detected useful signal. 1 The Plexiglas box also avoids the direct contact of the antennas with the phantom material, thereby preventing any possible change in the chemical composition of the antenna materials, which could affect the measurement of the useful signal.
The microwave signals are generated and measured through a Vector Network Analyzer (VNA), Planar 804/1 from Copper Mountain, with input power equal to 10 dBm and IF bandwidth equal to 100 Hz, allowing to acquire 10001 points for each measurement sweep, (120 s long), with a mean square noise level of −123 dB.
B. PMF MODULATION
The MNP is driven by the PMF generated by an electromagnet (EMU 75 electromagnet from SES Instrument PVt. Ltd.) fed by a power amplifier (Cerwin-Vega, CV-900), in turn driven by a waveform generator (Hewlett Packard 33120A). The peak amplitude of the PMF, in the 7 cm air gap between the electromagnet poles, is 40 kA/m.
The PMF modulating the MNP response is a continuous sinusoidal waveform, at 5 Hz. We have adopted a sinusoidal modulation instead of a simpler on-off modulation in agreement with our previous studies [14] , which have pointed out that the MNP detection limits are not entitled by noise, but by instrumental drift. According to our findings, the drift bandwidth for our system is not larger than 1 Hz [14] and merges into noise at higher frequencies. However, the large inductance of the electromagnet prevents an on-off switching rapid enough to remove this unwanted effect. Conversely, the use of a sinusoidal modulation overcomes this issue and allows to simply obtain the useful signal via spectral filtering. As a matter of fact, the useful spectral components are located at a double frequency with respect to the modulating PMF frequency, since the MNP susceptibility depends on the absolute value of the PMF [7] , [8] . Hence, the measured signals relevant for the MNP detection are the even modulation harmonics components. In particular, the PMF frequency is set to 5 Hz to allow filtering all the variations of the measured signal due to the patient's movement and vital activity, whose spectrum is typically within around the band of 1 Hz (hearth beat).
It is worth noting that the use of a sinusoidal modulation does not introduce changes in the imaging procedure as outlined in [6] . The only difference is represented by the entries of the scattering matrix, which are now the second harmonics complex amplitudes of the measured scattering parameters, resulting from filtering the measured signal (at 10 Hz), which correspond to the field scattered by the MNP targeted volume.
C. PHANTOMS
The phantoms developed for this study simulate a section of the actual breast and are realized by completely filling the plexiglas box with tissues mimicking materials. The box is easily accessible from the top through a removable cover, provided with a hole. In this hole, a cylindrical cuvette with a diameter equal to 1.5 cm and a height of 9 cm can be inserted, allowing to change the characteristics of the central part of the phantom, which simulates a mammary lobule. Inside this cuvette, a smaller one, containing the MNP dispersed into 1.5 mL of PBS, can be inserted.
As breast mimicking materials, ex-vivo animal tissues have been considered. Although these materials unavoidably result in disposable phantoms, they prove to be very realistic given their similarity with human tissues. In particular, we have used minced pig fat and meat, to simulate the breast fat and fibro-glandular tissues, respectively. Such a similarity has been verified by measuring the electrical parameters of these materials in the frequency band of interest, 2-3 GHz, using an open-ended coaxial probe (DAK-3.5 Dielectric Probe SPEAG), see The set up adopted to measure the electric properties of the ex-vivo pork fat and meat employed for building the breast phantoms. Fig. 4 shows the averaged results for each position on the samples. Note no standard error has been reported because it is very small and not visually appreciable. In particular, the standard error is not larger than 0.06 and 0.04 for the real and the imaginary parts of the relative permittivity of the meat sample; while it is not larger than 0.012 for both the real and the imaginary parts of the relative permittivity of the fat sample. As it can be seen, the values are consistent with those measured for ex-vivo fatty and fibro/glandular breast tissues [2] , [3] . Due to the tissue spatial heterogeneity, a significant dispersion is observed, particularly for the meat sample.
Using these materials, three types of breast phantom have been realized, namely:
-Phantom 1 (PhFa) mimics a fatty breast with a tumor inside the fatty tissue. This phantom is built by filling both the box and the inner plastic cylinder with the fat tissue. The presence of an MNP-targeted tumor is simulated by inserting into the central fat cylinder a small plastic cuvette, filled with a dispersion of MNP in PBS. -Phantom 2 (PhFb) mimics an almost fatty breast with a tumor inside a mammary lobule. This phantom is built in a similar way as, but for the cylindrical cuvette which is filled with meat, simulating a mammary lobule. -Phantom 3 (PhSc) mimics a scattered breast with a tumor inside a mammary lobule. This phantom is built from PhFb, by arbitrary placing four meat balls (almost spherical, radius of about 1 cm) into the fat tissue, two on each side of the cuvette along the longitudinal direction. By so doing, this phantom simulates a scattered fibroglandular breast. Fig. 5 shows the box filled with a phantom (PhSc). It is worth noting that no skin has been included in the phantom. This is due to the difficulty of mimicking this tissue in a repeatable way (with realistic dimensions) and also to the fact that the effect of skin can be minimized by using a proper matching medium.
D. SYSTEM CHARACTERIZATION
The system has been experimentally characterized by measuring with the VNA the scattering parameters with the phantom in place (PhFa and PhFb, without the small cuvette simulating the tumor) in the 2-3 GHz band. The results are shown in Fig. 6 .
As expected, due to the resonant nature of the antennas, the reflection parameters are almost insensitive to the kind of phantom, see Fig.6a . However, notwithstanding the geometrical symmetry of the system, S 11 and S 22 look significantly different, indicating that the two antennas, which should be identical, behaves differently. This is possibly due to some ageing effect and/or to some physical modifications in one of the antennas, due to repeated mounting and dismounting.
On the other hand, as required by reciprocity, the transmission parameters S 12 and S 21 are coincident up to the noise level, Fig 6b. Their behavior is also scarcely dependent on the phantom, exhibiting a maximum at 2.37 GHz. Accordingly, this frequency is selected as the optimal one to operate, as the coupling between the antennas, equal to −52 dB for PhFa and −48 dB for PhFb, is maximized at this frequency.
Note that no PMF has been applied in performing this characterization because, as it will be shown in Section III-A, the variation of the scattering parameters of the system due to the application of the PMF, the so-called spurious effects, is between 90 and 130 dB lower than the measured ones. Therefore, this effect can be neglected in the system characterization. However, as it will be shown in the following, this effect is comparable to that of the PMF on the MNP, hence, it affects the detection limits.
Finally, by exploiting the measured values of the permittivities of the phantom materials, we have numerically simulated the scattering parameters for PhFa and PhFb (simulation of PhScis not feasible given its less controlled nature) and compared the results with the experimental ones.
The simulations have been performed using a commercial software (CST Microwave Studio), adopting the nominal structure of the antennas. The results are reported in Fig. 7a-b . As expected, a poor agreement for the reflection parameters is achieved, thus confirming that the actual antennas are significantly different from the nominal ones. Surprisingly, apart from the frequency mismatch, the actual antennas perform better than the nominal ones. Conversely, considering the inexact modeling of the antennas and the uncertainty in the values of the electric parameters of the media, the simulated transmission parameters satisfactorily agree with measurements. This suggests that simulations can be profitably used to optimize the working conditions (and possibly detection limits) for more realistic set-ups and phantoms.
E. EXPERIMENTAL PROCEDURE
By exploiting the redesigned laboratory set-up and the breast phantoms described in the previous section, we carried out an exhaustive measurement campaign aimed at assessing the limits of MNP detectability in a realistic scenario. The measurements have been carried out by adopting the same setting of the preliminary assessment [15] . According to the results of the set-up characterization reported in the previous section, the working frequency has been set to 2.37 GHz.
The employed MNP are the same commercially available magnetite particles of 10 nm in size (Liquid Research Ltd, product code WHKS1S9), characterized in [9] and adopted in previous experiments [13] - [17] . Four different dilutions of MNP in PBS have been considered, namely 0, 2.5, 5 and 10 mg/ml, held in a 1.5 ml cuvette. For each dilution, two samples have been prepared and inserted in two of the largest cuvettes, filled with fat and meat, respectively. These eight cuvettes are then inserted in the plexiglass box, filled with fat or fat plus meatballs, to realize the three phantoms and the four measurement conditions. For each MNP sample and phantom, a set of eight independent acquisitions of the scattering parameters have been carried out, by extracting and inserting again the cuvette after the first four measurements.
The harmonics of the measured signal that are relevant to the dominant component of the useful signal are the second order harmonics, i.e., those at +10 Hz. To exploit both of them, as well both measured scattering parameters, namely, S 12 and S 21 , we adopted as detection parameter the overall mean second harmonic amplitude, given by the mean square of the amplitudes of the spectral components at ±10 Hz of both measured parameters. The spectra have been computed by performing an FFT over the 10001 acquired points, thus preserving the amplitudes of the harmonics and reducing of 40 dB the spectral noise level (−163 dB). 2
III. DETECTION LIMITS: RESULTS AND DISCUSSION
The mean values and the standard deviations of the results relative to the three phantoms are reported in Fig. 8 , as functions of the MNP mass. The figure also reports the mean square spectral noise level (black horizontal line).
As first comment, it can be noted the presence of a second harmonic well above the noise level even in absence of MNP. Its level is independent on the considered phantom, and quite comparable to that found for the simple foam box [15] . This reinforces the hypothesis herein made that these ''spurious'' harmonics are due to the presence of hidden magnetic materials in the system components (antennas, connectors, feeding cables, etc.). As they cannot be filtered out, thus impairing the possibility of achieving the ultimate detection limits dictated by the noise (and measurement time), this point is particularly relevant, and it will be further analyzed in the following.
Second, for PhFb and PhSc, the harmonic amplitude for an MNP amount of 3.75 mg is not larger (within the measurement uncertainty) than the one with no MNP. Since the MNP contribution and that due to the spurious magnetic effects are comparable (for these phantoms and MNP mass), this could be possibly due to a destructive interference arising between the MNP signal and the spurious one.
Third, while a quite linear behavior of the harmonic amplitude versus the MNP mass is observed for PhFa (as expected), the harmonics for PhFb and PhSc, apart from being lower, exhibit a more erratic behavior. The lowering of the harmonic amplitude is expected, due to the presence of the meat cylinder, in which the plastic cuvette containing the MNP is inserted. Indeed, the presence of the meat cylinder both attenuates and reflects the wave impinging on the MNP sample, thereby lowering the level of the corresponding scattered field. On the other hand, the parting of the harmonics values from linearity for PhFb and PhSc is likely to be an effect of the MNP sample positioning, which is not exactly the same, for each MNP concentration, due to the repeated insertion and extraction of the cuvette in the phantom. Obviously, this effect is expected to be more pronounced for PhFb and PhSc, for which the MNP are inserted in a heterogeneous and high permittivity material like meat, than for PhFa where the MNP are inserted in a low permittivity and more homogenous material such as fat.
The results in Fig. 8 allow to conclude that MNP amounts as low as 2 mg can be confidently detected with our set up for the case of the phantom mimicking a fatty breast (PhFa). For the other cases, the minimum detectable amount is around 7 mg. Moreover, as the amplitude of the spurious second harmonic (the one corresponding to a MNP amount of 0 mg in Fig. 8, i .e., when no MNP are present) is at least 2 times (6 dB) above the noise level (black line in Fig. 8) , we realize that an improvement of a factor 2 in the detection limits could be achieved (with the considered SNR and measurement time) if one succeeds in eliminating such effects.
A. ANALYZING AND OVERCOMING THE SPURIOUS EFFECTS
There are essentially two ways for the PMF to influence (weakly) the system response, even in the absence of MNP. The first effect comes through the action on the conduction currents due to the Lorentz force exerted by the PMF on the charge carriers, which induces an (anisotropic) modification of the conductivity, hence of the equivalent permittivity, as it happens in plasmas [18] . This modification is an odd function of the magnetic field, so that, in the case of a sinusoidal PMF modulation, it affects only the odd modulation harmonics, and can be filtered out, as our useful signal is related to the even modulation harmonics.
The second possible way is associated to the unwanted presence of other magnetic materials in the measurement set up, which are affected by the PMF in the same way as MNP, thus influencing the even modulation harmonics. Now, if the unwanted effects are due to the action of the PMF on the system, we should expect two things:
1. a strong presence of harmonics in the reflection power spectrum; 2. an (approximately) uniformly attenuated presence of these harmonics in the transmission power spectrum, with an attenuation of the order of the antennas coupling. A series of measurements aimed at verifying such an expectation has shown that this is exactly what happens. As an example, Fig. 9 shows the averaged reflection and transmission spectra for the case of PhFb, with a PBS filled inner cuvette. As it can be seen, both odd (due to conductivity modulation) and even (due to magnetic susceptibility modulation) harmonic components are present. Moreover, as foreseen, the harmonics of the transmission spectrum are attenuated with respect to those of the reflection spectrum of about 45 dB (the antenna coupling), so that only the first two (apart from the zero one) survive, the higher order ones merging in the noise. Accordingly, we can conclude that the unwanted harmonics are actually generated by the antennas and/or by the connectors (and the terminal parts of the feeding cables).
As the antennas have been built by using nonmagnetic materials [14] , it seems reasonable to think that the spurious harmonics are mainly due to the connectors. To check this hypothesis, we performed a set of measurements of the reflection parameters of the bare (open-ended) connectors, one put inside the PMF (i.e., between the EM poles) and the other outside, evaluating the corresponding reflection spectra. A typical result is reported in Fig. 10 and clearly shows that the main sources of the unwanted harmonics are related to FIGURE 10. Reflection power spectra as measured in the experiments aimed at verifying the magnetic spurious effect induced by the connectors. The red line is the power spectrum for the connector located outside of the PMF action, whereas the blue line is that of the connector located between the electromagnet poles.
the presence of the connectors, and, possibly, the terminal parts of the feeding cables. Accordingly, these are the critical components, which should be either properly designed and built, or removed from the action of PMF, by adopting nonmagnetic lines to feed the antennas.
B. OPTIMIZATION OF THE PMF STRENGTH
Apart from the elimination of the spurious magnetic effects, a further improvement of the detection limits can be obtained by optimizing the amplitude of the PMF modulation. As a matter of fact, the PMF amplitude of 40 kA/m adopted in our experiments has been dictated by the maximum strength achievable with the employed amplifier and electromagnet. However, since the magnitude of the MNP contrast variation depends on the strength of the applied PMF, the estimated detection limits could be further lowered by properly choosing the PMF strength, as indeed shown for the case of the bistatic UWB pseudo noise radar system [19] . The determination of the optimal modulation amplitude can be successfully addressed if the dependence of the magnetic susceptibility on the variable PMF is known. To this end, let us consider the expression of the transmission scattering parameter S 21 in the presence of small magnetic contrast, so that the distorted Born approximation can be applied [20] . For a uniform MNP distribution, as in our case, we have [14] :
where H denotes the applied PMF, f the working (microwave) frequency, χ the magnetic susceptibility (namely, the magnetic contrast induced by the MNP) and µ 0 the free space permeability; h 1 and h 2 denote the magnetic fields radiated (in absence of the MNP and for H = 0) by the two antennas when fed with unit input power, respectively, r is the position vector and V is the volume 43198 VOLUME 6, 2018
occupied by the MNP. In (1), the first term represents the transmission parameters one would measure when the MNP are not inserted in the phantom (the dependence on H encodes the spurious effects described in Sect. III-A). The second term is the contribution due to the MNP, assumed to be linearly dependent on χ, in agreement with the distorted Born approximation. Note that (1) is analogue to equation (A.3) in [14] , except for χ in place of χ. This notation difference derives from the different PMF modulation adopted here and in [14] (sinusoidal versus on-off modulation).
In the absence of spurious magnetic effects, the dependence on H of the first term is related only to the conductivity modulation, so that, for a sinusoidal PMF modulation, it contains only the zero-order harmonic (which, corresponding to the mean value of H, is equal to 0) and odd harmonics. The same happens for h 1 and h 2 in the integral. On the other side, as already stressed, χ exhibits zero and even harmonics.
Accordingly, the contributions to the second harmonic of S 21 which we are interested in, come from the second term in (1) . In particular, the (largely) dominant contribution is related to the product of the second harmonic of χ times the zero-order harmonic of the integral, which, in turn, depends on the zero-order harmonics of h 1 and h 2 , namely the fields in absence of PMF. The conclusion is that to maximize the amplitude of the second harmonic of S 21 we must choose the PMF amplitude such to maximize the amplitude of the second harmonic of χ. To this end, we first determined the dependence of χ on the absolute value of the PMF at the frequency of interest, 2.37 GHz, by performing a smoothing-splines fitting of the experimental results reported in [9] (which refer to a MNP concentration of 25 mg/ml), as shown in Fig. 11 . Then, exploiting such dependence, we evaluated the contrast modulation corresponding to a sinusoidal modulation of the PMF, for several values of maximal amplitude, between 0 and 160 kA/m. Finally, performing an inverse FFT, we computed the harmonics of the contrast modulation for each maximal amplitude of the PMF. The harmonic of our interest, i.e., the second one, is reported in Fig. 12 (solid line) , as a function of the PMF maximum amplitude. As it can be seen, the maximum amplitude of the second harmonic occurs around 90 kA/m, achieving a value about twice that assumed at 40 kA/m. Accordingly, we conclude that, for the adopted MNP, by simply employing a more powerful amplifier, able to generate a sinusoidal PMF of 90 kA/m 5 Hz, the detection limits of Section III can be halved. It must be stressed that such field levels are within the limits fixed by the ICNIRP guidelines for occupational exposure [21] .
For the sake of comparison, in Fig. 12 we also report the contrast variation we get with the on-off modulation adopted in [14] . As it can be seen, the maximum variation essentially occurs at the same value of the PMF amplitude, and it is about four times larger than the maximum second harmonic amplitude achievable with a sinusoidal modulation. This result agrees with [13] , [17] where it was shown that detection limits grow up of about 8 times by employing an onoff modulation instead of a sinusoidal modulation. However, it must be noted that sinusoidal modulation allows to get rid of the influence of the instrumental drifts and the variation of the electric scenario due to the patient vital activity, so that the price paid can be seen as a necessary trade-off.
IV. CONCLUSIONS
In this paper, the detection limits of MNP enhanced MWI for breast cancer diagnosis have been experimentally assessed, showing that, in realistic conditions and exploiting standard instrumentation, it is possible to detect amounts of commercially available MNP as low as 2-7 mg, depending on the breast type.
In agreement with previous results, we found that a proper modulation of the PMF and a subsequent harmonic analysis of the scattered signals allow to counteract the detrimental effect of the instrumental drifts and unavoidable changes VOLUME 6, 2018 in the investigated scenario due to the patient vital activity. We also confirmed that the detection limits are dictated by the presence of a residual spurious magnetic response in the absence of MNP. The main source of these unwanted effects has been identified into the connectors of the VNA (and possibly those of the antennas). Hence, by building nonmagnetic connectors, or adopting nonmagnetic cables to feed the antennas, the amount of detectable MNP (in the considered experimental conditions) could be halved. 3 A further analysis has shown that an additional halving can be obtained by employing an optimized, i.e. about 90 kA/m, PMF strength.
Accordingly, we can conclude that, with the implementation of the aforementioned improvements, it should be possible to detect (and image) amounts of MNP lower than 1 mg, in the case of a fatty breast. As for the other cases, larger improvements with respect to obtained results are foreseen, since the elimination of the magnetic spurious effects is expected to restore the linear dependence of the useful signal on the MNP concentration.
In order to appreciate the significance and the implications of this result, we must make a comparison with the amount of MNP which can (or could be) actually delivered to the tumor by active targeting. Such amount depends essentially on two factors: the injected dose of MNP that can be safely administered to the patient and the delivery efficiency, namely the injected dose percentage that is delivered to the tumor.
Concerning the first factor, amounts of commercially available iron oxide MNP containing 2.6 mg of iron for each kg of body weight have been allowed and adopted for contrast enhancement in magnetic resonance imaging [22] . As iron accounts for about 70% of the MNP (core) mass, this implies that an injected dose of MNP of about 250 mg can be administrated to a patient of 70 kg. Even higher doses (more than 500 mg) of another intravenous preparation, originally approved for the treatment of iron deficiency anemia, have been adopted [23] .
The delivery efficiency is affected by a large variety of factors, and the results obtained in the literature for in vivo experiments are indeed extremely dispersed. A comprehensive critical review has appeared only recently [24] , based on the data reported in 117 papers published between 2005 and 2015. Because the delivered amount of the nanocomponent varies in time, from its administration to its clearance, and the most relevant goal of the targeting is the drug delivery, the temporal averages of the delivery efficiencies are evaluated and reported. 4 For the case of our interest, namely the active targeting of breast cancer, the upper quartile of the distribution of the delivery efficiencies spans the interval 1.4%-4.5%.
Above-mentioned results imply that, by a proper choice of the carrier and targeting agent, it should be possible to deliver at least 3.5 mg of MNP to a tumor of the size of a mouse model. As, for ethical reasons, it is usually not allowed to grow mouse tumor models with diameters larger than about 8 mm, we conclude that early stage tumors, smaller than 1 cm in size, which represents a crucial diagnostic goal, should be reliably detected and imaged by the presented approach. Such a conclusion is further reinforced by the fact that what matters in our case is the maximum delivery efficiency, which, of course, can be significantly larger than the average one. Actually, a simple scanning of the results and references reported in the supplementary material of [24] shows that maximum delivery efficiencies as high as 80% of injected dose per gram of tumor tissue have been achieved [25] , so that it should be possible to achieve early detection injecting significantly lower doses.
These figures, together with the results obtained in the presented experimental study and the outlined improvements of the system, fully support the need of assessing magnetic nanoparticle enhanced microwave imaging in pre-clinical conditions. 
